Another approach to evaluation of pressure vessel failure probabilities has developed from the increasing application of reliability engineering methods in the aircraft and satellite design.
Most of these applications are concerned with reliability calculations of integrated system performance from knowledge of failure statistics of the different components in the systems. However, the methodology is applicable also to calculations of the probability that a given failure mode for a specific component is exceeded when the variations of the associated design parameters are known.
Examples of such calculations on pressure vessels are given in ref. J>. In these cases the failure criterium is related to either the yield strength or the ultimate tensile strength of the construction material neglecting possible defects. In the first case the failure criterium is hardly to be considered as a failure, in fact yielding is accepted for certain loading conditions and in certain areas of the vessel. In the second case the failure probability calculated is bound to be extremely low.
A more advanced example in which defects and crack growth are considered is presented in connection with the pipe rupture study performed by the General Electric Company (rof. 4). This study makes an estimate of pipe reliability by "the distribution of time to damage method" (ref. 5). Using Monte Carlo technique with importance sampling, the method gives the probability that cracks grow through the wall of a cylindrical pipe in a chosen time period due to low cycle fatigue. All parameters are regarded as distributed variables, each with separate distribution functions.
The failure probability calculated by this method seems to be in better agreement with practical failure experience.
FAILURE MODEL
In calculations of the reliability of a nuclear pressure vessel on a fully probabilistic basis, all the variables used in the calculations should be regarded as statistical variables each with their own probability distribution (p.d.) function. The number and nature of the parameters are governed by the particular failure mode to be examined. Furthermore the time-dependency of every parameter has to be evaluated, in order to give "probability of failure" as a function of time.
In this paper the type of pressure vessel failure considered has been restricted to gross failures of the vessel in excess of the type of failures considered as design basis for engineered safeguards such as containment and emergency core cooling.
The only available method considered to give a realistic description of that type of catastrophic failure is the Linear Elastic Fracture Mechanics theory (LEFM). In brief, the theory suggests that gross failure occurs when the stress intensity factor around a cracks with a depth "a" in a nominal stress field S exceedr the plain strain fracture toughness K Tf ,, i.e. when Kj = S • tfM • a i" K IC where M is a constant which depend upon the type of load and the geometry of the crack.
The probability that cracks of different sir.es exist in the vessel, the uncertainty about the real stress field and in principle also the variation in the constant M due to different crack geometries are combined into a probability distribution function for the stress intensity factor, K . These values of K T are compared with the variation in the fracture toughness K giving the probity ability of failur-as:
Prob. o 4failure = Probability (K T = K X and K r ^ K X ) where K assumes all values 0 < K < 00 (.see fig-1 ).
T n this first application of the method a few simplifications have been introduced.
In calculating the time dependency of the probability rf failure, the only contribution considered is crack growth by low cycle fatigue. The crack distribution function is thus the only parameter which is assumed to vary with time. The variation is determined on basis of the initial distribution of cracks, the stress transients and the parameters governing low cycle fatigue. The most important limitation is that degradation of material properties from neutron irradiation is neglected. This will normally be true for most boiling water reactors while the phenomena probably should be included in calculations on pressurized water reactors.
Further only the cylindrical part of the vessel free from structural discontinuities is treated so far. Admittedly uhe nozzle and flange areas of the vessel, subject to higher stresses and more severe stress cycles, are the more questionable parts of the vessel.
The T.T-FM theory, however, is not direct applicable in these circumstances when the stresses approach the yield stress -at best the theory represents a conservative approach in this case and very high values of failure probabilities which is calculated on this basis might be acceptable.
Finally, the geometry of the cracks considered has been idealized. They are all considered to be semi-elliptic surface ;'r;ickf" or elliptic i.-mbeddod cracks with a length: depth ratio ol" 10:1. Shorter crack;; resul:, in lowt'r slrcn:; intercity factors.
The difference, iiow(-ve r, it; not very V Lp -a 1:1 ii.stead of a 10: i crack will reduce the stress intensity factor with only Yj% for the same crack depth.
Beside these simplifications which may be deleted without greater difficulty it has been necessary to introduce an approximation of a more fundamental nature due to difficulties in measuring the plain strain fracture toughness K T _ at temperatures of above 10 The effects of thece transients in terms of imposed stress cycles on the cylindrical part of the vessel has been evaluated.
Some of the transients are connected to normal operation of the plant, e.g. start up, shut down, pressure tests etc. and may be considered to occur with a given frequency characterized by a period of not more than one year.
The other transients are connected to incidents and other abnormal events with an occurrence which is statistical by nature.
Average numbers of the different abnormal transients may be derived from practical operational experience and they are considered to occur evenly distributed over the lifetime of the plant.
The operating history of the plant has therefore been divided into periods of one year such that the combination of transients is the same in each one year period. The average numbers per year for the different transients used in the calculations are specified in the table fig. 9 together with the corresponding stress cycles.
Since the number cf abnormal transients are statistical figures it is necessary to evaluate the probability that different numbers of a particular transient occur in the one year period. A binomial distribution function may be used to calculate these probabilities if the period is divided into so many intervals that not more than one transient of the type considered can occur in each interval.
In If other pressure vessel codes were used in which allowable stresses are related solely to the yield strength of the material the calculated stress level in the example considered would have o been 28, r j KSI (20 kg/mm"") instead of 26,7 KSI and the stress distribution curve moved to correspondingly higher stresses.
A special situation which might be interesting to consider is the p re-operational pressure test of the vessel. Most pressure vessel codes require test pressures which result in stress levels in the cylindrical part of a typical reactor pressure vessel of 33 KSI (23,1 kg/mm 2 ).
The yield strength distribution function is also shown in i i<j. 11.
Yield strength and Charpy-V toughness
Published data from the HSST program on pressure vessel steel plate A533-B have been used to evaluate frequency distribution curves for the yield strength and the Charpy-V toughness.
Only test specimens from the inner half of the plate were included in order to eleminate the variation in material properties due to the location within the plate. The distribution functions were fitted to Weibull distribution functions in order to allow a specific lower limit of the material properties to be introduced. Max.
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